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BIOACTIVE POROUS BONE GRAFT while others emphasize the role of porosity as the key 

IMPLANTS feature . The roles of porosity , pore size and pore size 
distribution in promoting revascularization , healing , and 

CROSS - REFERENCE TO RELATED remodeling of bone have long been recognized as important 
APPLICATIONS 5 contributing factors for successful bone grafting implants . 

Many studies have suggested an ideal range of porosities 
This application is a divisional of U . S . patent application and pore size distributions for achieving bone graft success . 

Ser . No . 13 / 830 , 629 , filed Mar . 14 , 2013 , now U . S . Pat . No . However , as clinical results have shown , a biocompatible 
8 , 883 , 195 , the entire contents of which are herein incorpo bone graft having the correct structure and mechanical 
rated by reference . 10 integrity for new bone growth or having the requisite 

porosities and pore distributions alone does not guarantee a 
FIELD good clinical outcome . What is clear from this collective 

body of research is that the ideal bone graft implant should 
The present disclosure relates generally to bone graft possess a combination of structural and functional features 

materials and methods of using such materials as implants 15 that act in synergy to allow the bone graft implant to support 
for bone tissue regrowth . More particularly , the present the biological activity and an effective mechanism of action 
disclosure relates to bioactive porous bone graft implants in as time progresses . 
various forms suitable for use in bone tissue regeneration Currently available bone graft implants fall short of 
and / or repair , as well as methods of use . meeting these requirements . That is , many bone graft 

20 implants tend to suffer from one or more of the problems 
BACKGROUND previously mentioned , while others may have different , 

negatively associated complications or shortcomings . One 
The role of bone graft materials in clinical applications to example of such a graft implant is autograft implants . 

aid the healing of bone has been well documented over the Autograft implants have acceptable physical and biological 
years . Most bone graft materials that are currently available , 25 properties and exhibit the appropriate mechanical structure 
however , have failed to deliver the anticipated results nec and integrity for bone growth . However , the use of autog 
essary to make these materials a routine therapeutic appli - enous bone requires the patient to undergo multiple or 
cation in reconstructive surgery . Improved bone graft mate extended surgeries , consequently increasing the time the 
rials for forming bone tissue implants that can produce patient is under anesthesia , and leading to considerable pain , 
reliable and consistent results are therefore still needed and 30 increased risk of infection and other complications , and 
desired . morbidity at the donor site . 

In recent years intensive studies have been made on bone When it comes to synthetic bone graft substitutes , the 
graft materials in the hopes of identifying the key features most rapidly expanding category consists of products based 
necessary to produce an ideal bone graft implant , as well as on calcium sulfate , hydroxyapatite and tricalcium phos 
to proffer a theory of the mechanism of action that results in 35 phate . Whether in the form of injectable cements , blocks or 
successful bone tissue growth . At least one recent study has morsels , these materials have a proven track record of being 
suggested that a successful bone tissue scaffold should effective , safe bone graft substitutes for selected clinical 
consider the physicochemical properties , morphology and applications . Recently , new materials such as bioactive glass 
degradation kinetics of the bone being treated . ( “ Bone tissue ( “ BAG ” ) have become an increasingly viable alternative or 
engineering : from bench to bedside ” , Woodruff et al . , Mate - 40 supplement to natural bone - derived graft materials . In com 
rials Today , 15 ( 10 ) : 430 - 435 ( 2012 ) ) . According to the parison to autograft implants , these new synthetic implants 
study , porosity is necessary to allow vascularization , and the have the advantage of avoiding painful and inherently risky 
desired scaffold should have a porous interconnected pore harvesting procedures on patients . Also , the use of these 
network with surface properties that are optimized for cell synthetic , non - bone derived materials can reduce the risk of 
attachment , migration , proliferation and differentiation . At 45 disease transmission . Like autograft and allograft implants , 
the same time , the scaffold should be biocompatible and these new artificial implants can serve as osteoconductive 
allow flow transport of nutrients and metabolic waste . Just scaffolds that promote bone regrowth . Preferably , the graft 
as important is the scaffold ' s ability to provide a controllable implant is resorbable and is eventually replaced with new 
rate of biodegradation to compliment cell and / or tissue bone tissue . 
growth and maturation . Finally , the ability to model and / or 50 Many artificial bone grafts available today comprise 
customize the external size and shape of the scaffold to allow materials that have properties similar to natural bone , such 
a customized fit for the individual patient is of equal as implants containing calcium phosphates . Exemplary cal 
importance . cium phosphate implants contain type - B carbonated 

Woodruff , et . al . also suggested that the rate of degrada - hydroxyapatite whose composition in general may be 
tion of the scaffold must be compatible with the rate of bone 55 described as ( Cas ( PO4 ) 3 ( CO3 ) ( OH ) ) . Calcium phosphate 
tissue formation , remodeling and maturation . Recent studies ceramics have been fabricated and implanted in mammals in 
have demonstrated that initial bone tissue ingrowth does not various forms including , but not limited to , shaped bodies 
equate to tissue maturation and remodeling . According to and cements . Different stoichiometric implants , such as 
the study , most of the currently available bone graft implants hydroxyapatite ( HA ) , tricalcium phosphate ( TCP ) , tetracal 
are formulated to degrade as soon as new tissue emerges , 60 cium phosphate ( TTCP ) , and other calcium phosphate ( Cap ) 
and at a faster rate than the new bone tissue is able to mature , salts and minerals have all been employed in attempts to 
resulting in less than desirable clinical outcomes . match the adaptability , biocompatibility , structure , and 

Other researchers have emphasized different aspects as strength of natural bone . Although calcium phosphate based 
the core features of an ideal bone graft implant . For example , materials are widely accepted , they lack the ease of han 
many believe that the implant ' s ability to provide adequate 65 dling , flexibility and capacity to serve as a liquid carrier / 
structural support or mechanical integrity for new cellular storage media necessary to be used in a wide array of clinical 
activity is the main factor to achieving clinical success , applications . Calcium phosphate materials are inherently 
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rigid , and to facilitate handling are generally provided as component comprising bioactive glass fibers and a second 
part of an admixture with a carrier material ; such admixtures component comprising a bioactive glass or glass - ceramic 
typically have an active calcium phosphate ingredient to material . Each of the components may have a different 
carrier volume ratio of about 50 : 50 , and may have a ratio as resorption capacity than the other component . The implant 
low as 10 : 90 . 5 may further comprise a pore size distribution including 
As previously mentioned , the roles of porosity , pore size pores characterized by pore diameters ranging from about 

and pore size distribution in promoting revascularization , 100 nanometers to about 1 millimeter . The implant may 
healing , and remodeling of bone have been recognized as further include bioactive glass granules . The second com 
important contributing factors for successful bone grafting . ponent may comprise a coating surrounding each of the Yet currently available bone graft implants still lack the 10 bioactive glass fibers of the first component . The second requisite chemical and physical properties necessary for an component may also comprise a coating surrounding the ideal graft implant . For instance , currently available graft fibrous first component . implants tend to resorb too quickly ( e . g . , within a few In still another embodiment , a porous , composite bone weeks ) , while some take too long ( e . g . , over years ) to resorb 
due to the implant ’ s chemical composition and structure . For 15 & 15 graft implant is provided . The implant may comprise a first 
example , certain implants made from hydroxyapatite tend to component comprising bioactive glass granules and a sec 
take too long to resorb , while implants made from calcium ond component comprising a bioactive glass or glass - ce 
sulfate or ß - TCP tend to resorb too quickly . Further , if the ramic material . Each of the components may have a different 
porosity of the implant is too high ( e . g . , around 90 % ) , there resorption capacity than the other component . The implant 
may not be enough base material left after resorption has 20 may further comprise a pore size distribution including 
taken place to support osteoconduction . Conversely , if the pores characterized by pore diameters ranging from about 
porosity of the implant is too low ( e . g . , 10 % ) , then too much 100 nanometers to about 1 millimeter . The implant may 
material must be resorbed , leading to longer resorption rates . further comprise bioactive glass fibers . The second compo 
In addition , the excess material means there may not be nent may comprise a coating surrounding each of the 
enough room left in the residual graft implant for cell 25 bioactive glass granules of the first component . The second 
infiltration . Other times , the graft implants may be too soft , component may also comprise a coating surrounding the 
such that any kind of physical pressure exerted on them plurality of granules of the first component . 
during clinical usage causes them to lose the fluids retained In even still another embodiment , a composite bone graft 
by them . implant is provided . The implant may comprise a bioactive 

Accordingly , there continues to be a need for better bone 30 glass glass material , and a carrier material . The implant may graft implants . For instance , it would be desirable to provide comprise a pore size distribution including pores character improved bone graft implants offering the benefits just ized by pore diameters ranging from 100 nanometers to described , and in a form that is even easier to handle and about 1 millimeter . The bioactive glass may comprise bio allows even better clinical results . Embodiments of the 35 active glass fibers , bioactive glass granules , or combinations present disclosure address these and other needs . thereof . The implant may comprise a putty or a foam . 
SUMMARY It is to be understood that both the foregoing general 

description and the following detailed description are exem 
The present disclosure provides bone graft materials and plary and explanatory only and are not restrictive of the 

implants formed from these materials that are engineered 40 disclosure . Additional features of the disclosure will be set 
with a combination of structural and functional features that forth in part in the description which follows or may be 
act in synergy to allow the bone graft implant to support cell learned by practice of the disclosure . 
proliferation and new tissue growth over time . The implants 
serve as cellular scaffolds to provide the necessary porosity BRIEF DESCRIPTION OF THE DRAWINGS 
and pore size distribution to allow proper vascularization , 45 
optimized cell attachment , migration , proliferation , and dif The accompanying drawings , which are incorporated in 
ferentiation . The implants are formed of synthetic materials and constitute a part of this specification , illustrate several 
that are biocompatible and offer the requisite mechanical embodiments of the disclosure and together with the 
integrity to support continued cell proliferation throughout description , serve to explain the principles of the disclosure . 
the healing process . In addition , the materials are formulated 50 FIG . 1A illustrates a perspective view of an exemplary 
for improved clinical handling and allow easy modeling embodiment of a bone graft implant of the present disclosure 
and / or customization of the external size and shape to in which the implant comprises two different fibrous mate 
produce a customized implant for the anatomic site . rials . 

In one embodiment , a porous , composite bone graft FIG . 1B is an enlarged view of a portion of the implant of 
implant is provided . The implant may comprise a first 55 FIG . 1A . 
component comprising a bioactive glass and a second com FIG . 1C illustrates a partial view of another exemplary 
ponent comprising a bioactive material . Each of the com embodiment of a bone graft implant of the present disclosure 
ponents may have a different resorption capacity than the in which the implant comprises two different fibrous mate 
other component . The implant may further comprise a pore rials having different diameters . 
size distribution including pores characterized by pore diam - 60 FIG . 2 illustrates a partial view of still another exemplary 
eters ranging from about 100 nanometers to about 1 milli - embodiment of a bone graft implant of the present disclosure 
meter . The bioactive glass may comprise bioactive glass in which the implant comprises fibers that are fused . 
fibers , bioactive glass granules , or combinations thereof . FIG . 3 illustrates a cross - sectional view of an individual 
The second component may comprise a bioactive glass or bioactive fiber coated in a bioactive material . 
glass - ceramic material . 65 FIG . 4 illustrates a cross - sectional view of an individual 

In another embodiment , a porous , composite bone graft bioactive fiber having a fused coating of a bioactive mate 
implant is provided . The implant may comprise a first rial . 
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FIG . 5A illustrates a partial cutaway view of an exemplary DETAILED DESCRIPTION OF THE 
embodiment of a bone graft implant of the present disclosure EMBODIMENTS 
in which the implant comprises a fibrous matrix encased in 
a bioactive shell . The present disclosure provides bone graft materials and 

FIG . 5B illustrates a partial cutaway view of still another 5 implants formed from these materials that are engineered 
exemplary embodiment of a bone graft implant of the with a combination of structural and functional features that 
present disclosure in which the implant comprises a fibrous act in synergy to allow the bone graft implant to support cell 
matrix encased in a hardened bioactive shell . proliferation and new tissue growth over time . The implants FIG . 5C illustrates a partial view of yet still another provide the necessary porosity and pore size distribution to exemplary embodiment of a bone graft implant of the 10 allow proper vascularization , optimized cell attachment , present disclosure in which the implant comprises a hard 
ened fibrous matrix encased in a hardened bioactive shell . migration , proliferation , and differentiation . The implants 

are formed of synthetic materials that are biocompatible and FIG . 6A illustrates a partial view of an exemplary embodi 
ment of a bone graft implant of the present disclosure in offer the requisite mechanical integrity to support continued 
which the implant comprises a fibrous matrix combined with 15 cell proliferation throughout the healing process . In addition , 
fibrous clusters . the materials are formulated for improved handling and 

FIG . 6B illustrates a partial view of another exemplary allow easy modeling and / or customization of the external 
embodiment of a bone graft implant of the present disclosure size and shape of the implants to produce a customized 
in which the implant comprises a fibrous matrix combined implant for the anatomic site . 
with granules . 20 The bone graft implants may be formed of a synthetic 

FIG . 6C illustrates a partial cutaway view of an exemplary material that is both biocompatible and bioabsorbable or 
embodiment of a bone graft implant of the present disclosure bioresorbable . In addition , the synthetic material may be 
in which the coated implant comprises a fibrous matrix bioactive . In one embodiment , the material may be a mate 
combined with coated granules . rial that is bioactive and forms a calcium phosphate layer on 

FIG . 7A illustrates a partial cutaway view of an exemplary 25 its surface upon implantation . In another embodiment , the 
embodiment of a bone graft implant of the present disclosure material may comprise a bioactive glass ( “ BAG ” ) . Suitable 
comprising a fibrous cluster . bioactive glasses include sol gel derived bioactive glass , FIG . 7B illustrates a partial cutaway view of an exemplary melt derived bioactive glass , silica based bioactive glass , embodiment of a bone graft implant of the present disclosure silica free bioactive glass such as borate based bioactive comprising a fused fibrous cluster . 30 Bu glass and phosphate based bioactive glass , crystallized bio FIG . 7C illustrates a partial cutaway view of an exemplary active glass ( either partially or wholly ) , and bioactive glass embodiment of a bone graft implant of the present disclosure containing trace elements or metals such as copper , zinc , comprising a sintered porous granule . 

FIG . 8 illustrates a partial cutaway view of an exemplary strontium , magnesium , zinc , fluoride , mineralogical calcium 
embodiment of a bone graft implant of the present disclosure 35 S 35 sources , and the like . Examples of sol gel derived bioactive 
comprising a fibrous matrix with granules and a porous glass include S70C30 characterized by the general implant 
coating . of 70 mol % SiO2 , 30 mol % CaO . Examples of melt derived 

FIG . 9 illustrates a cross - sectional view of an exemplary bioactive glass include 45S5 characterized by the general 
embodiment of a bone graft implant of the present disclosure implant of 46 . 1 mol % SiO2 , 26 . 9 mol % CaO , 24 . 4 mol % 
comprising a fibrous matrix with a granule layer and outer 40 Na20 and 2 . 5 mol % P205 , S53P4 , and 58S characterized by 
coating . the general implant of 60 mol % SiO2 , 36 mol % CaO and 

FIG . 10 illustrates a perspective view of another exem - 4 mol % P2O5 . Another suitable bioactive glass may also be 
plary embodiment of a bone graft implant of the present 13 - 93 bioactive glass . 
disclosure in which the implant comprises fibrous clusters The bioactive glass forms the base material from which 
and granules . 45 the engineered bone graft implants of the present disclosure 

FIG . 11 illustrates a partial view of another exemplary are composed . The bioactive glass may take the form of 
embodiment of a bone graft implant of the present disclosure fibers , granules , or a combination of both . By the term 
in which the implant comprises a fibrous matrix combined granules , what is meant is at least one fragment or more of 
with fibrous clusters . material having a non - rod shaped form , such as a rounded , 

FIG . 12 illustrates a perspective view of another exem - 50 spherical , globular , or irregular body . 
plary embodiment of a bone graft implant of the present The bioactive glass may be provided in a materially pure 
disclosure in which the implant comprises a fibrous matrix form . Additionally , the bioactive glass may be mixed with a 
with fibrous clusters and granules . carrier for better clinical handling , such as to make a putty 

FIG . 13 shows a scanning electron micrograph ( SEM ) of or foam implant . A pliable implant in the form of a putty may 
a fibrous bioactive glass implant of the present disclosure . 55 be provided by mixing the bioactive glass with a flowable or 

FIG . 14 shows a scanning electron micrograph ( SEM ) of viscous carrier . A foam implant may be provided by embed 
a bioactive glass implant of the present disclosure compris - ding the bioactive glass in a porous matrix such as collagen 
ing a fibrous matrix with granules . ( either human or animal derived ) or porous polymer matrix . 

FIG . 15 shows a scanning electron micrograph ( SEM ) of One of the advantages of a foam implant is that the porous 
a fibrous cluster of the present disclosure . 60 carrier can also act as a site for attaching cells and growth 

FIG . 16 shows a scanning electron micrograph ( SEM ) of factors , and may lead to a better managed healing . 
the fibrous matrix within the cluster of FIG . 15 . The carrier material may be porous and may help con 

The foregoing and other features of the present disclosure tribute to healing . For example , the carrier material may 
will become apparent to one skilled in the art to which the have the appropriate porosity to create a capillary effect to 
present disclosure relates upon consideration of the follow - 65 bring in cells and / or nutrients to the implantation site . The 
ing description of exemplary embodiments with reference to carrier material may also possess the chemistry to create 
the accompanying drawings . osmotic or swelling pressure to bring in nutrients to the site 
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and resorb quickly in the process . For instance , the carrier the form of a porous , fibrous cluster , even greater clinical 
material may be a polyethylene glycol ( PEG ) which has a results and better handling can be achieved . 
high affinity to water . The formed and shaped bioactive glass materials of the 

The bioactive glass may be manufactured by electrospin - present disclosure , either with or without sintering , share 
ning , or by laser spinning for uniformity . For example , 5 similar attributes with a finite density material that has been 
where the material is desired in a fibrous form , laser spin dictated by its processing and the fiber dimensions of the 
ning would produce fibers of uniform diameters . Further , the base material ( e . g . , diameter and length of the fibers ) that 
bioactive glass fibers may be formed having varying diam resulted in the cluster formation . The ultra - porous clusters 
eters and / or cross - sectional shapes , and may even be drawn can possess nano , micro , meso , and macro porosity in a 
as hollow tubes . Additionally , the fibers may be meshed , 10 gradient throughout the cluster . Without limitation , a nano 
woven , intertangled and the like for provision into a wide pore is intended to represent a pore having a diameter below 
variety of shapes . about 1 micron and as small as 100 nanometers or smaller , 

The bone graft material may be engineered with fibers a micropore is intended to represent a pore having a diameter 
having varying resorption rates . The resorption rate of a fiber 15 between about 1 to 10 microns , a mesopore is intended to 
is determined or controlled by its material composition and represent a pore having a diameter between about 10 to 100 
by its diameter . The material composition may result in a microns , and a macropore is intended to represent a pore 
slow reacting vs . faster reacting product . Similarly , smaller having a diameter greater than about 100 microns and as 
diameter fibers can resorb faster than larger diameter fibers large as 1 mm or even larger . Under a consistent manufac 
of the same implant . Also , the overall porosity of the 20 turing process , the formed clusters of bioactive glass can be 
material can affect resorption rate . Materials possessing a used with volumetric dosage to fill a bone defect . Any 
higher porosity mean there is less material for cells to number of differently sized clusters can be provided for 
remove . Conversely , materials possessing a lower porosity various clinical applications . 
mean cells have to do more work , and resorption is slower . One of the benefits of providing an ultra - porous bioactive 
Accordingly , the bone graft implants may contain fibers that 25 glass material in cluster form is that handling of the material 
have the appropriate material composition as well as diam - can be improved . In one manner of handling the cluster of 
eter for optimal performance . A combination of different materials , the clusters may be packaged in a syringe with a fibers may be included in the implant in order to achieve the carrier , and injected into the bone defect with ease . Another desired result . benefit is the additional structural effect of having a plurality Equally as important as the material composition and 30 nad 30 of clusters of fibers closely packed together , forming addi diameter is the pore size distribution of the open porosity tional macrostructures to the overall scaffold of material . and in particular the surface area of the open porosity . The Like a sieve , the openings between individual clusters can be present bone graft implants provide not only an improved beneficial such as when a filter is desired for various pore size distribution over other bone graft implants , but a 
higher surface area for the open pores . The larger surface 35 36 nutrients in blood or bone marrow to concentrate certain 
area of the open porosity of the present implants drives faster desired nutrients at the implant location . 

Of course , it is understood that , while the term cluster is resorption by body fluids , allowing the fluid better access to 
the pores . used to describe the shape of the materials , such term is not 

Similar to the bioactive glass fibers , the inclusion of intended to limit the invention to spherical shapes . In fact , 
bioactive glass granules can be accomplished using granules 40 the formed cluster shape may comprise any rounded or 
having a wide range of sizes or configurations to include irregular shape , so long as it is not a rod shape . In the present 
roughened surfaces , very large surface areas , and the like . disclosure , the term fibrous cluster represents a matrix of 
For example , granules may be tailored to include interior randomly oriented fibers of a range of sizes and lengths . 
lumens with perforations to permit exposure of the surface Additional granules or particulates of material may be 
of the granule interior . Such granules would be more quickly 45 placed randomly inside this matrix to provide additional 
absorbed , allowing a tailored implant characterized by dif - advantages . A variety of materials and structure can option 
ferential resorbability . The perforated or porous granules ally be employed to control the rate of resorption , osteo 
could be characterized by uniform diameters or uniform stimulation , osteogenesis , compression resistance , radiopac 
perforation sizes , for example . The porosity provided by the ity , antimicrobial activity , rate of drug elution , and provide 
granules may be viewed as a secondary range of porosity 50 optimal clinical handling for a particular application . 
accorded the bone graft material or the implant formed from The use of fused or hardened fiber clusters may be 
the bone graft material . By varying the size , transverse advantageous in some instances , because the fusing provides 
diameter , surface texture , and configurations of the bioactive relative hardness to the clusters , thereby rendering the 
glass fibers and granules , if included , the manufacturer has hardened clusters mechanically stronger . Their combination 
the ability to provide a bioactive glass bone graft implant 55 with the glass granules further enhances the structural integ 
with selectively variable characteristics that can greatly rity , mechanical strength , and durability of the implant . 
affect the function of the implant before and after it is because larger sized granules or clusters will tend to have 
implanted in a patient . The nano and micro sized pores longer resorption time , in previous cases the user had to 
provide superb fluid soak and hold capacity , which enhances sacrifice strength for speed . However , it is possible to 
the bioactivity and accordingly the repair process . 60 provide larger sized granules or clusters to achieve mechani 

Due to the pliability of this fibrous graft material , these cal strength , without significantly sacrificing the speed of 
same bioactive glass fibers may be formed or shaped into resorption . To this end , ultra - porous clusters can be utilized 
fibrous clusters with relative ease . These clusters can be as just described for fiber - based and glass - based clusters . 
achieved with a little mechanical agitation of the bioactive Rather than using solid spheres or balls , the present disclo 
glass fibrous material . The resultant fibrous clusters are 65 sure provides ultra - porous clusters that have the integrity 
extremely porous and can easily wick up fluids or other that overall larger sized clusters provide , along with the 
nutrients . Hence , by providing the bioactive glass material in porosity that allows for speed in resorption . These ultra 
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porous clusters will tend to absorb more nutrients , resorb mize the content of active ingredient relative to carrier 
quicker , and lead to much faster healing and remodeling of materials such as for example collagen . 
the defect . The present disclosure provides improved bone graft 

In some embodiments , the fiber clusters may be partially materials and bone graft implants formed from these mate 
or fully fused or hardened to provide hard clusters . Of 5 rials that are able to sustain tissue growth throughout the 
course , it is contemplated that a combination of both fused healing process . One of the deficiencies of currently avail 
fiber clusters ( hard clusters ) and unfused or loose fiber able bone graft implants is their lack of ability to provide 
clusters ( soft clusters ) may be used in one application proper mechanical scaffolding while supporting cell prolif 
simultaneously . Likewise , combinations of putty , foam , eration over time . The engineered materials and implants of 
clusters and other formulations of the fibrous graft material 10 the present disclosure overcome this problem by providing , 
may be used in a single application to create an even more among other things , an appropriate combination of porosi 
sophisticated porosity gradient and ultimately offer a better ties ( i . e . , pore size distribution ) and high surface area within 
healing response . In some cases , solid porous granules of the a porous bioactive glass infrastructure that serves as an ideal 
bioactive glass material may also be incorporated into the scaffold for tissue growth . More importantly , the range of 
implant . 15 porosities is distributed throughout the porous bioactive 
As previously discussed , the ideal bone graft implant glass infrastructure , which is able to support continued cell 

must possess a combination of features that act in synergy to proliferation throughout the healing process . 
allow the bone graft material to support the biological Initially upon implantation , the engineered implants pro 
activity of tissue growth and mechanism of action as time vide a network of macro , meso , micro and nano pores 
progresses . It is known that porosities and pore size distri - 20 distributed within a fibrous bioactive glass matrix . These 
bution play a critical role in the clinical success of bone graft pores can be interconnected , allowing cell migration 
materials . More specifically , the bone graft implant needs to throughout the matrix . As surface area is inversely propor 
include an appropriate pore size distribution to provide tional to the diameter of the pore , the engineered implants 
optimized cell attachment , migration , proliferation and dif maximize surface area for cell attachment by providing a 
ferentiation , and to allow flow transport of nutrients and 25 desired surface - to - volume ratio of nano sized pores . The 
metabolic waste . In addition , in a porous structure the laws of physics suggest that these smaller pores are optimal 
amount and size of the pores , which collectively form the for vascularization . Due to the osmotic pressure of the 
pore size gradient , will be directly related to the mechanical environment , a capillary effect will be observed with the 
integrity of the material as well as affect its resorption rate . nano and micro sized pores that results in biological fluid 
Having a stratified porosity gradient will provide a more 30 being wicked towards the center of the bioactive glass 
complex resorption profile for the bone graft material , and matrix . Likewise , the larger pores like the macro sized pores 
engineering the material with a suitable pore size gradient are optimal for oxygenation and nutrient exchange within 
will avoid a resorption rate that is too fast or too slow . the matrix . 

As applicants have discovered , this desired pore size After implantation , a calcium phosphate ( CaP ) layer 
distribution includes a range of porosities that includes 35 forms around the construct . This calcium phosphate layer 
macro , meso , micro and nano pores . As previously men - results from the chemical interaction of the bioactive glass 
tioned , without limitation , a nanopore is intended to repre - material and the surrounding biological environment . At the 
sent a pore having a diameter below about 1 micron and as same time , the smaller sized pores like the nano sized pores 
small as 100 nanometers or smaller , a micropore is intended will be resorbing at a rate faster than the rest of the implant . 
to represent a pore having a diameter between about 1 to 10 40 As these nano sized pores resorb or become replaced with 
microns , a mesopore is intended to represent a pore having cells , they will bring in cellular activity and create a three 
a diameter between about 10 to 100 microns , and a mac - dimensional biostructure that , within itself , also has its own 
ropore is intended to represent a pore having a diameter porosity . Thus , over time , new cells replace the resorbed 
greater than about 100 microns and as large as 1 mm or even material at a rate that maintains the mechanical integrity of 
larger . Accordingly , the bioactive glass material may be 45 the new construct . The new cells form their own network 
provided with variable degrees of porosity , and is preferably around the fibrous bioactive glass matrix , which fibers 
ultraporous . In one embodiment , the material may have a provide connectivity for the tissue growth . More impor 
range of porosities including macro , meso , micro and nano tantly , because of the widespread distribution of nanopores 
pores . The resultant engineered implant may also include the throughout the fibrous matrix , the new cells are present in a 
same range of porosities , which could be provided as a 50 density that makes the implant mechanically sound . 
porous network of matrices within the fibrous scaffold and Unlike traditional bone graft scaffolds , the present bone 
around the material . Accordingly , porosity may be provided graft implants offer both the necessary structure and function 
inherently by the actual bioactive glass material itself , as for clinical success , and allow the process of cell prolifera 
well as the matrices separating the material within the tion to occur in a non - uniform , multi - faceted fashion with 
overall implant . 55 the appropriate balanced rate of new cell proliferation 

Another feature of the engineered bone graft implants of replacing resorbed graft material . More importantly , this 
the present disclosure is their ability to provide mechanical replacement occurs at select locations within the construct , 
integrity to support new tissue growth . Not only should the without compromising overall mechanical integrity . In addi 
implant provide the appropriate biocompatibility and resorp - tion , the materials and implants allow this new tissue growth 
tion rate , but the surface area should be maximized to fully 60 process to occur throughout the healing process , not just at 
support cell proliferation . The engineered implant can be the beginning of the process . The constant and simultaneous 
selectively composed and structured to have differential or activities of cell proliferation and resorption occur through 
staged resorption capacity , while still being easily molded or out the entire healing time with the present bone graft 
shaped into clinically relevant shapes as needed for different materials and implants . 
surgical and anatomical applications . Additionally , these 65 In some embodiments , the underlying bioactive material 
engineered implants may have differential bioresorbability , forming the foundation of the implant may be a bioactive 
compression resistance and radiopacity , and can also maxi glass . The bioactive glass may take the form of fibers , 
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making them easy to handle in a clinical setting . Accord cells to adhere . This is the cornerstone of all connective 
ingly , in one embodiment , the engineered implant may be a tissue healing . It is this fibrous architecture that allows for 
fibrous scaffold formed of fibrous bioactive glass fibers . direct cell attachment and connectivity between cells . Ulti 
These fibers may be unrestricted , and allowed to move freely mately , the goal is to stimulate cell proliferation and osteo 
over one another . Alternatively , the fibers may be partially or 5 genesis in the early healing phase and then allow for 
fully fused to provide a more organized , rigid and structured physiologic remodeling to take place . Since the desired end 
network of fibers . Such a fibrous scaffold would allow for product is living tissue , the primary objective is to stimulate 
stimulation and induction of the natural biologic healing as much living bone as possible by enhancing the natural 
process found in fibrin clots whose mechanism is similar to fiber network involved in initiation and osteogenesis as well 
that of new bone formation . One theory of the mechanism of 10 as angiogenesis . 
action as provided by the fibrous nature of the scaffold is Fibrous bone graft materials and bone graft implants 
provided below . formed from these fibrous materials have previously been 

The standard method for healing natural tissue with disclosed in U . S . Patent Application Publication No . 2011 / 
synthetic materials has been to provide a device having the 0144764 entitled “ Bone Graft Material ” , U . S . Patent Appli 
microstructure and macrostructure of the desired end prod - 15 cation Publication No . 2011 / 0144763 entitled “ Dynamic 
uct . Where the desired end product is cancellous bone , Bioactive Bone Graft Material Having an Engineered Poros 
traditional bone grafts have been engineered to mimic the ity " , and in U . S . Patent Application Publication No . 2011 / 
architecture of cancellous bone . Although this has been the 0140316 entitled “ Dynamic Bioactive Bone Graft Material 
current standard for bone grafts , it does not take into account and Methods for Handling ” , all of which are co - pending and 
the fact that bone is a living tissue . Each bony trabeculae is 20 co - owned by applicants , the contents of which are incorpo 
constantly undergoing active biologic remodeling in rated herein by reference . These bone graft implants attempt 
response to load , stress and / or damage . In addition , cancel - to recapitulate the normal physiologic healing process by 
lous and cortical bone can support a vast network of vas - presenting the fibrous structure of the fibrin clot . Since these 
culature . This network not only delivers nutrients to sustain bioactive implants made of fibers are both osteoconductive 
the living environment surrounding bone , but also supports 25 as well as osteostimulative , the fibrous network will further 
red blood cells and marrow required for basic biologic enhance and accelerate bone induction . Further , the free 
function . Therefore , merely providing a synthetic material flowing nature of the bioactive fibrous matrix or scaffold 
with the same architecture that is non - biologic is insufficient allows for natural initiation and stimulation of bone forma 
for optimal bone healing and bone health . Instead , what is tion rather than placing a rigid template that may impede 
required is a mechanism that can recreate the living structure 30 final formation as with current graft materials . The fibers of 
of bone . the implants can also be engineered to provide a chemical 

Traditional synthetics act as a cast , or template , for normal reaction known to selectively stimulate osteoblast prolifera 
bone tissue to organize and form . Since these synthetics are tion or other cellular phenotypes . 
not naturally occurring , eventually the casts or templates The present disclosure provides several embodiments of 
have to be resorbed to allow for normal bone to be devel - 35 fibrous bone graft implants formed of bioactive glass fibers 
oped . If these architectured synthetics do not resorb and do similar to those previously disclosed by applicants . The 
not allow proper bone healing , they simply become foreign bundles of bioactive glass fibers are ultraporous , and include 
bodies that are not only obstacles , but potentially detrimen - a combination of nano , micro , meso and macro pores . The 
tal , to bone healing . This phenomenon has been observed in fibrous nature of the material allows the bioactive glass 
many studies with slow resorbing or non - resorbing synthet - 40 fibers to be easily molded or shaped into clinically relevant 
ics . Since these synthetics are just chemically inert , non - shapes as needed for different surgical and anatomical 
biologic structures that only resemble bone , they behave as applications , while maintaining the material ' s porosity . One 
a mechanical block to normal bone healing and develop manner of molding or shaping the scaffold is by placing the 
ment . fibers into a mold tray , similar to the manner described in 

With the understanding that bone is a living biologic 45 U . S . Patent Application Publication No . 2011 / 0140316 
tissue and that inert structures will only impede bone heal - entitled “ Dynamic Bioactive Bone Graft Material and Meth 
ing , a different physiologic approach is presented with the ods for Handling " . The implant may comprise bioactive 
present invention . Healing is a phasic process starting with glass fibers alone , or with additives as described above . 
some initial reaction . Each phase builds on the reaction that Another manner of shaping the implant is with the use of 
occurred in the prior phase . Only after a cascade of phases 50 a jig . Due to the fibrous and pliable nature of the base 
does the final development of the end product occur — new material , it is also possible to add a biological fluid to the 
bone tissue . The traditional method has been to replace or fibrous matrix and press into a formed shape with the fluid 
somehow stimulate healing by placing an inert final product contained therein . Of course , it is understood that the fibrous 
as a catalyst to the healing process . This premature act material may just as easily be compressed in a mold . Liquids 
certainly does not account for the physiologic process of 55 like bone marrow aspirate , glue or other binding agents may 
bone development and healing . be added to the material prior to molding . In addition , a 

The physiologic process of bone healing can be broken solvent exchange may be utilized and the shaped material 
down to three phases : ( a ) inflammation ; ( b ) osteogenesis ; can be allowed to dry or cure to form a hardened solid 
and ( c ) remodeling . Inflammation is the first reaction to scaffold for implantation . 
injury and a natural catalyst by providing the chemotactic 60 The implants may be provided in clinically relevant 
factors that will initiate the healing process . Osteogenesis is shapes . Simple shapes like cylinders or rods , or a strip , may 
the next phase where osteoblasts respond and start creating be convenient for easy implantation . Alternatively , the 
osteoid , the basic material of bone . Remodeling is the final implants may take the form of complex shapes to closely 
phase in which osteoclasts and osteocytes then recreate the match the anatomy of the patient . For example , the implants 
three - dimensional architecture of bone . 65 may be formed in the shape of a shell , such as for instance 

In a normal tissue repair process , at the initial phase a an acetabulum shell . In another example , the material may 
fibrin clot is made that provides a fibrous architecture for be formed as a thin sheet or strip that is capable of being 
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wrapped around the bone area to be treated , such as a bone result in a slow reacting vs . faster reacting product . Simi 
defect site , much like a wound dressing . In that instance , the larly , smaller diameter fibers can resorb faster than larger 
sheet or strip of material would not necessarily have to be diameter fibers . Also , the overall porosity of the material can 
inserted into the wound site , but rather cover the wound site affect resorption rate . Materials possessing a higher porosity 
while still providing the same benefits and acting in the same 5 mean there is less material for cells to remove . Conversely , 
manner as the implants described herein . materials possessing a lower porosity mean cells have to do 

The implants may be packaged in a clinically useful and more work , and resorption is slower . Accordingly , the 
friendly tray . The tray may be closed to control density and implant may contain fibers that have the appropriate material 
consequently dosage of the implant . The dosage may be composition as well as diameter for optimal performance . A 
dictated by the clinical application . It is also possible to use 10 combination of different fibers may be included in the 
the tray as a mold , such that the shape of the tray creates a implant in order to achieve the desired result . For instance , 
clinically relevant shaped implant . Another benefit of the the implant may comprise a composite of two or more fibers 
tray is to allow fluids or liquids to be added to the implant . of a different material , where the mean diameter of the fibers 
Such fluids may include saline , bone marrow , bone marrow of each of the materials could be the same or different . 
concentrate , stem cells , platelet - rich plasma , etc . The closed 15 Equally as important as the material composition and 
tray also avoids contamination of the implant while it is in diameter is the pore size distribution of the open porosity 
the operating room before implantation , as it minimizes the and in particular the surface area of the open porosity . The 
need for clinical handling before implantation , and is con - present bone graft implants provide not only an improved 
venient for transport . pore size distribution over other bone graft implants , but a 

The fibers forming the engineered scaffold have a rela - 20 higher surface area for the open pores . The larger surface 
tively small diameter , and in particular , a diameter in the area of the open porosity of the present implants drives faster 
range of about 500 nanometers to about 50 microns , or a resorption by body fluids , allowing the fluid better access to 
diameter in the range of about 0 . 1 to about 100 microns . In the pores . 
one embodiment , the fiber diameter can be less than about In some embodiments , at least some or all of the engi 
10 nanometers , and in another embodiment , the fiber diam - 25 neered implant may be coated with a glass , glass - ceramic , or 
eter can be about 5 nanometers . In some embodiments , the ceramic coating . The coating may be solid or porous , and 
fiber diameter can be in the range of about 0 . 5 to about 30 provide for better handling of the fibrous bioactive glass 
microns . In other embodiments , the fiber diameter can fall material . In one embodiment , the coating may be a bioactive 
within the range of between about 2 to about 10 microns . In glass such as 4555 or S53P4 . In another embodiment , the 
still another embodiment , the fiber diameter can fall within 30 coating may be partially or fully fused such as by an 
the range of between about 3 to about 4 microns . application of high heat to melt some of the fibrous material , 

The bioactive glass fibers may be manufactured having creating a slightly hardened or fully fused shell of material . 
predetermined cross - sectional diameters as desired . In one For instance , this fusing or hardening would lead to a 
example , the bone graft implant may be formed from a semi - soft crust , while the full sintering would lead to a hard 
randomly oriented matrix of fibers of uniform diameters . 35 crust around some or all of the implant . 
Further , the bioactive glass fibers may be formed having The embodiments of the present disclosure are not lim 
varying diameters and / or cross - sectional shapes , and may i ted , however , to fibers alone . In other embodiments , the 
even be drawn as hollow tubes . Additionally , the fibers may bioactive glass fibers that form the foundation of the implant 
be meshed , woven , intertangled and the like for provision may be substituted or supplemented with bioactive granules . 
into a wide variety of shapes . 40 These granules may be uniform or non - uniform in diameter , 

For example , a bioactive glass fiber implant can be and may comprise a mixture of differently sized diameters of 
manufactured such that each fiber is juxtaposed or out of granules . In addition , the granules may be formed of the 
alignment with the other fibers could result in a randomly same type of bioactive glass material , or a mixture of 
oriented fibrous matrix appearance due to the large amount different materials selected from the group of suitable mate 
of empty space created by the random relationship of the 45 rials previously mentioned . The granules may be solid or 
individual glass fibers within the implant . Such a manufac - porous , and in some cases a mixture of both solid and porous 
ture enables an implant with an overall soft or pliable texture granules may be used . Regardless , the engineered implant 
so as to permit the surgeon to manually form the implant into comprising the granular foundation should still provide the 
any desired overall shape to meet the surgical or anatomical desired pore size distribution , which includes a range of 
requirements of a specific patient ' s surgical procedure . Such 50 porosities that includes macro , meso , micro and nano pores . 
an implant also easily lends itself to incorporating additives Like the fibers , at least some or all of the granules forming 
randomly dispersed throughout the fibers , such as those the engineered scaffold may be coated with a glass , glass 
previously described and including bioactive glass granules , ceramic , or ceramic coating . The coating may be solid or 
antimicrobial fibers , particulate medicines , trace elements or porous . In one embodiment , the coating may be a bioactive 
metals such as copper , which is a highly angiogenic metal , 55 glass such as 4555 or S53P4 . In another embodiment , the 
strontium , magnesium , zinc , etc . mineralogical calcium coating may be partially or fully fused . This coating could be 
sources , and the like . Further , the bioactive glass fibers may provided on individual granules , or it could envelope a 
also be coated with organic acids ( such as formic acid , cluster or group of granules . The coating may be partially 
hyaluronic acid , or the like ) , mineralogical calcium sources fused or hardened , or fully fused to provide a semi - soft to 
( such as tricalcium phosphate , hydroxyapatite , calcium car - 60 fully hardened crust around some or all of the scaffold . 
bonate , calcium hydroxide , calcium sulfate , or the like ) , Added surface features including fibers , granules , particu 
antimicrobials , antivirals , vitamins , X - ray opacifiers , or other lates , and the like can be included in the coating to provide 
such materials . an exterior with bioactive anchorage points to attract cellular 

The implant may be engineered with fibers having vary activity and improve adhesion of the implant in situ . 
ing resorption rates . The resorption rate of a fiber is deter - 65 In addition , some embodiments may include a mixture of 
mined or controlled by , among other things , its material both granular bioactive glass as the primary material with 
composition and by its diameter . The material implant may secondary bioactive glass fibers as the carrier material . In 
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such cases , both the primary and secondary materials are ization , optimized cell attachment , migration , proliferation , 
active . The fibrous carrier would be able to resorb quickly to and differentiation . The implants are formed of synthetic 
create a chemically rich environment for inducing new materials that are biocompatible and offer the requisite 
cellular activity . Moreover , the fibrous material would serve mechanical integrity to support continued cell proliferation 
as select attachment or anchorage sites for bone forming 5 throughout the healing process . These implants may com 
cells . prise a fibrous or granular infrastructure of porous material . 

In addition to providing a structurally sound implant Embodiments of the present disclosure may be explained 
formed of the appropriate materials and possessing the and illustrated with reference to the drawings . It should be 
porosities and pore size gradient for cell proliferation , the understood , however , that the drawings are not drawn to 
present bone graft materials and implants may also provide 10 scale , and are not intended to represent absolute dimensions 
cell signals . This can be accomplished by the incorporation or relative size . Rather , the drawings help to illustrate the 
of biological agents such as growth factors . These factors concepts described herein . 
may be synthetic , recombinant , or allogenic , and can Turning now to the drawings , FIG . 1A shows an exem 
include , for example , stem cells , deminerealized bone plary embodiment of an implant 10 of the present disclosure . 
matrix ( DBM ) , as well as other known cell signaling agents . 15 The implant 10 may be formed of fibrous bioactive glass 

In some embodiments , the engineered implants may be material 20 . Optionally , the implant 10 may comprise one or 
also osteoconductive and / or osteostimulatory . By varying more different glass materials to vary the composition of the 
the diameter and chemical composition of the components fibrous matrix . For instance , implant 10 of FIG . 1A com 
used in the embodiments , the engineered implants may have prises a first bioactive glass fiber 20 as well as a bioactive 
differential activation ( i . e . , resorbability ) , which may facili - 20 fiber 24 that may comprise another material . This material 
tate advanced functions like drug delivery of such drugs as may be another bioactive glass , or it may be a glass , 
antibiotics , as an example . One manner of providing osteo - glass - ceramic , or ceramic material . 
stimulative properties to the implant is to incorporate bone In some embodiments , the different fibers 20 , 24 may be 
marrow into the fibrous matrix . The incorporation of the provided with the same mean diameter , as illustrated in FIG . 
marrow would produce an osteostimulative implant that 25 1B . Alternatively , as shown in FIG . 1C , one of the fibers 24 
accelerates cell proliferation . may have a different diameter than the other fiber 20 . By 

In other embodiments , the engineered implant may also varying the diameters of each of the materials , this produces 
include trace elements or metals such as copper , zinc , an implant that is selectively composed and structured to 
strontium , magnesium , zinc , fluoride , mineralogical calcium have differential or staged resorption capacity . 
sources , and the like . These trace elements provide selective 30 The implant 10 of the present disclosure may have 
benefits to the engineered structural and functioning scaf - free - flowing fibers randomly oriented within a matrix as 
folds of the present disclosure . For example , the addition of illustrated in FIGS . 1A - 1C . If so desired , the fibers 20 may 
these trace elements like strontium may increase X - ray be partially or fully fused or sintered in a manner previously 
opacity , while the addition of copper provides particularly described , thus creating a semi - hard or fully hardened 
effective angiogenic characteristics to the scaffold . The 35 fibrous matrix . FIG . 2 illustrates a fused fibrous implant 10 
materials may also be coated with organic acids ( such as whereby the fibers 20 appear to connect at intersections 22 . 
formic acid , hyaluronic acid , or the like ) , mineralogical Similar to the implant of FIG . 1A , the fibrous matrix may 
calcium sources ( such as tricalcium phosphate , hydroxyapa - comprise one or more different glass materials to vary the 
tite , calcium sulfate , calcium carbonate , calcium hydroxide , composition of the implant . In addition , the diameters of 
or the like ) , antimicrobials , antivirals , vitamins , X - ray opaci - 40 each of the fibrous materials may also vary so as to produce 
fiers , or other such materials . These bone graft implants may an engineered implant that is selectively composed and 
also possess antimicrobial properties as well as allow for structured to have differential or staged resorption capacity . 
drug delivery . For example , sodium or silver may be added Each of the individual fibers 20 may be coated with a 
to provide antimicrobial features . In one embodiment , a coating 30 , as shown in FIGS . 3 and 4 . This coating 30 may 
layer or coating of silver may be provided around the 45 comprise a bioactive material as previously disclosed , but 
engineered implant to provide an immediate antimicrobial could also be a different bioactive glass material than the 
benefit over an extensive surface area of the implant . Other fibers 20 . In one embodiment , the coating may be a bioactive 
suitable metals that could be added include gold , platinum , glass such as 4555 or S53P4 . In another embodiment , the 
indium , rhodium , and palladium . These metals may be in the coating may comprise a glass , glass - ceramic , or ceramic 
form of nanoparticles that can resorb over time . 50 coating . The coating 30 may be solid , or may be porous . For 

Additionally , biological agents may be added to the instance , the coating may have ports or vents that allow free 
engineered implant . These biological agents may comprise migration of cells and nutrients . These vents could be nano , 
bone morphogenic protein ( BMP ) , a peptide , a bone growth micro , meso , or macro sized openings . A coating 30 over the 
factor such as platelet derived growth factor ( PDGF ) , vas - individual fibers 20 may provide for better handling of the 
cular endothelial growth factor ( VEGF ) , insulin derived 55 fibrous bioactive glass material . 
growth factor ( IDGF ) , a keratinocyte derived growth factor In another embodiment , the coating may be hardened , 
( KDGF ) , or a fibroblast derived growth factor ( FDGF ) , stem such as shown in FIG . 4 , over the individual fibers . As 
cells , bone marrow , and platelet rich plasma ( PRP ) , to name previously mentioned , this hardening can be achieved by 
a few . Other medicines may be incorporated into the scaffold applying very high heat to the coating and effectively 
as well , such as in granule or fiber form . 60 melting or fusing some or all of the material to create a 

In general , the present disclosure provides bone graft protective shell 30 around each of the fibers 20 . These coated 
materials and implants formed from these materials that are fibers would then be formed into the fibrous matrix of the 
engineered with a combination of structural and functional implant 10 . 
features that act in synergy to allow the bone graft implant Rather than coating individual fibers , it is possible to coat 
to support cell proliferation and new tissue growth over 65 the entire fibrous matrix as shown in FIG . 5A . The fibrous 
time . The implants provide the necessary porosity , pore size matrix may comprise free - flowing , randomly oriented fibers 
distribution and high surface area to allow proper vascular - 20 that can be encased in a coating or shell 30 . This shell 30 
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may comprise a glass , glass - ceramic , or ceramic , and could glass , glass - ceramic , or ceramic coating , as illustrated in 
be a bioactive glass such as 4555 or S53P4 . The shell 30 FIG . 6C . The coating 30 may be porous , and provide for 
may be porous , and provide for better handling of the fibrous better handling of the fibrous bioactive glass material . In one 
bioactive glass material . These pores or vents 34 allow free embodiment , the coating may be a bioactive glass such as 
migration of cells and nutrients within the internal fibrous 5 4555 or S53P4 . In another embodiment , the coating may be 
matrix , thereby improving the healing process . As further hardened as described above . The underlying matrix may be 
shown in FIG . 5A , the shell 30 may also include short wavy sintered or not , as previously described . The coating 30 may 
fiber segments 32 that serve as surface features to enhance be selectively placed over the fibers only , the granules only , anchorage of the implant 10 in situ . These short wavy fiber or on both or some portion of each . segments 32 may be the fibers 20 extending out of the shell 10 FIG . 6C illustrates an embodiment where the coating 30 30 , or it may be discrete short fiber segments 32 added to the resides as a shell over the entire fibrous matrix with granules shell 30 . 44 that are individually coated as well . As further shown , the In another embodiment , as shown in FIG . 5B , the shell 30 shell 30 may also include short wavy fiber segments 32 as may be hardened by passing the construct over very high 
heat for a limited duration of time . The underlying fibrous 15 ing fibrous 15 well as granules 52 that serve as surface features to enhance 
matrix may also be partially or fully fused in the same anchorage of the implant 10 in situ . These short wavy fiber 
manner , as illustrated in FIG . 5C . In the case of an unsin segments 32 may be the fibers 20 extending out of the shell 
tered fibrous matrix such as shown in FIG . 5B , the interior 30 , or they may be discrete short fiber segments 32 added to 
of the construct could be relatively soft and conformable . the shell 30 . Likewise , the granule 52 on the exterior of the 
The exterior of the construct would be a relatively hard crust 20 shell 30 may be the granule 44 of the matrix and extending 
or shell , however . The hardness of the crust would neces - from the shell , or they may be discrete granules 52 added to 
sarily depend on the temperature of the heat being applied the shell . The shell 30 may also be porous or vented . These 
and the duration of the application . pores or vents 34 allow free migration of cells and nutrients 

It is contemplated that in some embodiments where a within the internal fibrous matrix , thereby improving the 
glass , glass - ceramic , or ceramic coating is applied , either 25 healing process . 
fibers or granules , or a combination of both , may be added The inclusion of bioactive glass granules can be accom 
to the coating . The fibers or granules , which themselves may plished using granules having a wide range of sizes or 
or may not be coated , would extend beyond the outer surface configurations to include roughened surfaces , very large 
of the scaffold , providing a surface feature that enhances surface areas , and the like . For example , granules may be 
adhesion and creates a cell attachment surface . FIGS . 5A - 5C 30 tailored to include interior lumens with perforations to illustrate this concept . permit exposure of the surface of the granule ’ s interior . Such As shown in FIGS . 5A - 5C , the shell 30 may also include granules would be more quickly absorbed , allowing a tai short wavy fiber segments 32 that serve as surface features 
to enhance anchorage of the implant 10 in situ . These short lored material characterized by differential resorbability . 
wavy fiber segments 32 may be the fibers 20 extending out 35 The perforated or porous granules could be characterized by 
of the shell 30 , or it may be discrete short fiber segments 32 uniform diameters or uniform perforation sizes , for example . 
added to the shell 30 . The shell 30 may also be porous or The porosity provided by the granules may be viewed as a 
vented . These pores or vents 34 allow free migration of cells secondary range of porosity accorded the bone graft material 
and nutrients within the internal fibrous matrix , thereby or the implant formed from the bone graft material . By 
improving the healing process . 40 varying the size , transverse diameter , surface texture , and 

In some embodiments , the implant 10 may be formed of configurations of the bioactive glass fibers and granules , if 
a fibrous matrix as previously described , in combination included , the manufacturer has the ability to provide a 
with granules of bioactive material . In this instance , the bioactive glass bone graft material with selectively variable 
fibrous matrix may serve as the primary carrier material for characteristics that can greatly affect the function of the 
the granules . The granules may comprise glass , glass - ce - 45 implant 10 before and after it is implanted in a patient . The 
ramic , or ceramic , and may be formed of a bioactive glass nano and macro sized pores provide superb fluid soak and 
material similar to the fibers 20 or a different bioactive glass hold capacity , which enhances the bioactivity and accord 
material . ingly the repair process . 

FIGS . 6A - 6C show various embodiments of combinations Accordingly , the engineered implant 10 can be selectively 
of fibers plus granule or fiber clusters . FIG . 6A shows an 50 determined by controlling implant and manufacturing vari 
engineered implant 10 that may comprise fibers 20 in ables , such as bioactive glass fiber diameter , size , shape , and 
combination with fibrous clusters 40 formed by agitating the surface characteristics as well as the amount of bioactive 
fibers 20 to create a cluster shape . The materials of the fibers glass granule content and structural characteristics , and the 
20 and the clusters 40 may be the same , or of varying inclusion of additional additives , such as , for example 
bioactive glass materials . 55 tricalcium phosphate , hydroxyapatite , and the like . By selec 

The presence of granular matter may be employed to tively controlling such manufacturing variables , it is pos 
modify or control the resorption rate and resorption profile sible to provide an artificial bone graft material having 
of the implant 10 as well as provide mechanical strength and selectable degrees of characteristics such as porosity , bio 
compression resistance . The granule may be a bioactive absorbability , tissue and / or cell penetration , calcium bio 
glass , calcium sulfate , calcium phosphate , calcium carbon - 60 availability , flexibility , strength , compressibility and the 
ate , calcium hydroxide , or hydroxyapatite . The granule may like . 
be solid , or it may be porous . These granules may serves as The same bioactive glass fibers 20 may be formed into 
anchors for cell attachment , spacers between fibers to con - clusters 120 with relative ease . These clusters 120 can be 
trol distribution and dosage , or carry biological agents to achieved with a little mechanical agitation of the bioactive 
provide antimicrobial properties or osteostimulative agents . 65 glass fibrous material , as previously mentioned . The resul 

As shown in FIG . 6B , the granule 42 may be fused or tant fibrous clusters are extremely porous and can easily 
sintered . The fibers and / or granules may further include a wick up fluids or other nutrients . Hence , by providing the 



US 10 , 335 , 516 B2 
19 20 

bioactive glass material in the form of a porous , fibrous with volumetric dosage to fill a bone defect . Any number of 
cluster , even greater clinical results and better handling can differently sized clusters can be provided for various clinical 
be achieved . applications . 

FIG . 7A represents an exemplary embodiment of a fibrous In addition , it is also possible to provide a construct 
cluster 120 . As shown , the cluster 120 may be formed 5 representing a composite of bioactive glass materials not 
entirely of fibers . Optionally , these fibers may be individu - only in different shapes ( i . e . , fibers versus granules ) but also 
ally coated with a coating 30 as described above . It is different formulations . For example , in one embodiment , a 
understood , of course , that an implant 10 may be formed of bioactive glass material is provided as a dissolved concen 
fibrous clusters only , which implant 10 can be coated . In one trated solution that may be incorporated into the fibers or 
embodiment , short fibrous material may extend from the 10 granules of the primary bioactive glass component of the 
outside of the clusters to create anchorage sites in a manner implant . In one case , a borate - based bioactive glass may be 
previously described . The individual fibers may be coated dissolved , and introduced into the pores of a silica - based 
with a glass , glass - ceramic , or ceramic coating , similar to the borate bioactive glass material . The dissolved borate - based 
one already described . Alternatively , the entire fibrous clus - material acts as a medicinal agent , releasing a burst of 
ter may be coated with the glass , glass - ceramic , or ceramic 15 dissolution product upon implantation without having to 
coating . The coating may be porous and may also be wait for the underlying , primary silica - based bioactive glass 
sintered . material to dissolve . That is , the dissolved bioactive glass 

In addition , these fibrous clusters 140 may be hardened by material is carried within the porous matrix formed by the 
heating them at elevated temperatures , such as shown in primary bioactive glass material and delivered via this 
FIG . 7B . The fused fibrous clusters 140 may optionally 20 porous matrix . This provides the user with the benefits of a 
include hardened fibers on the exterior surface , which act as second bioactive glass component without having to alter 
spikes 146 around the clusters 140 . In some cases , the the implant of the carrier , or primary bioactive glass mate 
sintered fibrous clusters 160 may or may not present fibrous rial . In addition , such an example would allow the use of 
architecture , as shown in FIG . 7C . In this example , the more chemically stable glasses without the loss of the 
porous clusters 160 have fused such that the original fibrous 25 benefit of faster reacting or resorbing glasses . The dissolu 
architecture is undetected . tion product also serves to help upregulate biologically 

As mentioned , the presence of granular matter may be active agents such as BMP , for instance . 
employed to modify or control the resorption rate and One of the benefits of providing an ultra - porous bioactive 
resorption profile of the fiber clusters . FIG . 8 shows an glass material in cluster or granular form is that handling of 
embodiment of an engineered implant comprising fibers 20 30 the material can be improved . In one manner of handling the 
and granule 40 similar to those previously described . The granular material , the granules may be packaged in a syringe 
granule may be solid , porous , or sintered , and may further be with a carrier , and injected into the bone defect with ease . 
coated with a glass , glass - ceramic , or ceramic coating . As Another benefit is the additional structural effect of having 
with previous embodiments , the implant may include exte a plurality of clusters closely packed together , forming 
rior surface features such as soft , wavy short fibers or 35 additional macrostructures to the overall scaffold of mate 
hardened fiber spikes . rial . Like a sieve , the openings between individual clusters 

FIG . 8 represents an exemplary embodiment in which the can be beneficial such as when a filter is desired for various 
granules 40 are randomly dispersed throughout the fibrous nutrients in blood or bone marrow to concentrate certain 
matrix 20 . The entire construct may be encased in a shell 30 , desired nutrients at the implant location . 
which may be porous or vented . These pores or vents 34 40 While granular matter may be employed to modify or 
allow free migration of cells and nutrients within the internal control the resorption rate and resorption profile of the fiber 
fibrous matrix , thereby improving the healing process . clusters , it is likewise also possible to provide an engineered 

FIG . 9 represents an exemplary embodiment in which the implant having no fibers . FIG . 10 shows an implant 120 
granules 40 are discreetly oriented in a layer surrounding the comprising fibrous clusters 40 and granules 60 . In some 
fibrous matrix 20 . Similar to FIG . 8 , the entire construct may 45 embodiments , the granules 60 may reside within the fibrous 
be encased in a shell 30 , which may be porous or vented . clusters 40 . The granules 60 may be solid , porous , or 
These pores or vents 34 allow free migration of cells and sintered , and may further be coated with a glass , glass 
nutrients within the internal fibrous matrix , thereby improv - ceramic , or ceramic coating . The granules 60 provide the 
ing the healing process . Additionally , the shell 30 may also base for bone - forming cells , and in this example , the gran 
include short wavy fiber segments 32 as well as granules 52 50 ule - based matrix serves as the carrier material for the fibrous 
( not shown ) that serve as surface features to enhance anchor - clusters 40 . Although not shown , it is understood that the 
age of the implant 10 in situ . These short wavy fiber implant 120 may optionally comprise fibers or other addi 
segments 32 may be the fibers 20 extending out of the shell tives as previously mentioned . 
30 , or they may be discrete short fiber segments 32 added to Another implant useful for clinical applications is a 
the shell 30 . It is understood , of course , that the orientation 55 kneadable , conformable , or otherwise moldable formulation 
of the layers may be reversed such that the fibers 20 reside or putty . Putty implants are desirable because the putty can 
in a layer around a matrix comprising the granules 40 , if so be applied directly to the injury site by either injection or by 
desired . plastering . Putty implants are also easy to handle and 

The formed and shaped bioactive glass implants of the moldable , allowing the clinician the flexibility to form the 
present disclosure , either with or without sintering , share the 60 material easily and quickly into any desired shape . In 
similar attributes of a finite density material that has been addition , the putty possesses the attributes of malleability , 
dictated by its processing and the fiber dimensions of the smearability , and injectability . 
base material ( e . g . , diameter and length of the fibers ) that A ccordingly , the bioactive glass material may be mixed 
resulted in the cluster formation . The ultra - porous clusters with a carrier material for better clinical handling , such as to 
can possess micro , meso , and macro porosity in a gradient 65 make a putty or foam implant . A pliable implant in the form 
throughout the cluster . Under a consistent manufacturing of a putty may be provided by mixing the bioactive glass 
process , the formed clusters of bioactive glass can be used material with a flowable or carrier . A foam implant may be 
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provided by embedding the bioactive glass material in a will tend to absorb more nutrients , resorb quicker , and lead 
porous matrix such as collagen ( either human or animal to much faster healing and remodeling of the defect . 
derived ) or porous polymer matrix . One of the advantages of As shown in the scanning electron micrographs of FIGS . 
a foam implant is that the porous carrier can also act as a site 13 to 16 , the fibrous matrix of the implant may take the form 
for attaching cells and growth factors , and may lead to a 5 of a cluster , such as shown in FIG . 13 , whereby the fibrous 
better managed healing . architecture of the implant is evident . This fibrous architec 

The carrier material may be porous and may help con ture provides the implant with a structure that mimics the 
tribute to healing . For example , the carrier material may structure of a human fibrin clot . Granules may be incorpo 

rated into the fibrous matrix , and such granules may extend have the appropriate porosity to create a capillary effect to 
bring in cells and / or nutrients to the implantation site , 10 out of the exterior of the implant , as shown in FIG . 14 . 

FIG . 15 shows a fibrous granule having a partially hard similar to the benefits that the fibers provide . The carrier ened shell . This shell is also porous to allow cell and nutrient material may also possess the chemistry to create osmotic or exchange . As shown in greater detail in FIG . 16 , individual swelling pressure to bring in nutrients to the site and resorb fibers within the fibrous matrix of the granule are also quickly in the process . For instance , the carrier material may 15 15 porous . 
be a polyethylene glycol ( PEG ) which has a high affinity to In some embodiments , the fiber diameter may be in the 
water . range of about 0 . 1 to about 100 microns . In other embodi 

In one embodiment , the putty may have a more fluid than ments , the diameter can be the range of about 0 . 5 to about 
kneadable consistency to allow to be easily injected from a 30 microns . In still other embodiments , the diameter can be 
syringe or other injection system . This could be very useful 20 less than about 10 microns . In one embodiment , the fiber 
in a minimally invasive system where you want as little diameter can fall within the range of between about 2 to 
disruption to the damaged site and to the patient as possible . about 10 microns . 
For instance , a treatment may involve simply injecting the In some embodiments , the fiber clusters may have a 
flowable putty of material into the area of bone damage diameter in the range of about 0 . 75 to about 4 . 0 mm . In other 
using a syringe , cannula , injection needle , delivery screw , or 25 embodiments , the fiber clusters may have a diameter in the 
other medical delivery portal for dispersal of injectable range of about 2 . 0 to 4 . 0 mm . 
materials . This treatment may be surgical or non - surgical . In some embodiments , the glass granules may have a 

The combination of the ultra - porous fibrous clusters diameter in the range of about 1 to 5 mm , or about 950 
formed of bioactive glass , combined with porous bioactive microns to about 3 mm , or about 850 microns to about 3 mm . 
glass granules and a carrier material , forms an improved 30 In other embodiments , the glass granules may have a diam 
putty implant over currently available putties . As shown in eter in the range of about 50 to 450 microns , or about 150 
FIG . 11 , the putty 200 may comprise fibers 20 and fiber to 450 microns . 
clusters 40 in a carrier material 80 . In one embodiment , the The carrier material for the putty implant can be phos 
putty implant 220 may comprise fibrous clusters 40 as pholipids , carboxylmethylcellulose ( CMC ) , glycerin , poly 
previously mentioned , bioactive glass granules 60 , and the 35 ethylene glycol ( PEG ) , polylactic acid ( PLA ) , polylactic 
carrier material 80 , as shown in FIG . 12 . The sintered fibrous co - glycolic acid ( PLGA ) , or other copolymers of the same 
clusters as well as the bioactive glass granules may be family . Other suitable materials may include hyaluronic 
porous , where each component may have a range or gradient acid , or sodium alginate , for instance . The carrier material 
of porosities throughout . The combination thus provides the may be either water - based or non - water based , and may be 
putty with variable resorption rates . As mentioned above , 40 viscous . Another carrier material alternative is saline or bone 
these fiber and glass clusters may be engineered with marrow aspirate , to provide a stickiness to the implant . 
variable porosities , allowing the customization of the putty Additives such as those described above , such as for 
formulation . In some embodiments , the putty includes any example , silver or another antimicrobial component , may 
combination of nanopores , macropores , mesopores , and also be added to provide additional biological enhance 
micropores . 45 ments . 

In other embodiments , the collagen may be a fully or As previously mentioned , the fiber clusters may be sin 
partially water soluble form of collagen to allow the colla - tered to provide hard clusters . Of course , it is contemplated 
gen to soften with the addition of fluids . In still other that a combination of both sintered fiber clusters ( hard 
embodiments , the collagen may be a combination of soluble clusters ) and unsintered clusters ( soft clusters ) may be used 
and fibrous collagen . The collagen may be human derived 50 in one application simultaneously . Likewise the combination 
collagen , in some instances , or animal derived collagen . of putty , foam , and clusters as described herein may be used 

The use of sintered fiber clusters may be advantageous in in a single application to create an even more sophisticated 
some instances , because the sintering provides relative hard - porosity gradient and ultimately offer a better healing 
ness to the clusters , thereby rendering the sintered clusters response . In some cases , solid porous clusters of the bioac 
mechanical stronger . Their combination with the glass gran - 55 tive glass material may also be incorporated into the implant . 
ules further enhances the structural integrity , mechanical Additionally , these fibrous clusters may be encased or 
strength , and durability of the implant . Because larger sized coated with a glass , glass - ceramic , or ceramic material . The 
granules or clusters will tend to have longer resorption time , coating material itself may be porous and comprise bioactive 
in previous cases the user had to sacrifice strength for speed . glass such as 4555 or S53P4 . Thus , a fibrous cluster may be 
However , as applicants have discovered , it is possible to 60 further protected with a coating formed of the same material 
provide larger sized granules or clusters to achieve mechani - as the fibers , or a different material . The advantage of 
cal strength , without significantly sacrificing the speed of coating these fibrous clusters is to provide better handling 
resorption . To this end , ultra - porous clusters may be utilized . since highly porous materials tend to have low strength , are 
Rather than using solid spheres or granules , ultra - porous prone to breakage and can become entangled . The addition 
clusters that have the integrity that overall larger sized 65 of a coating having the same properties as the underlying 
granules provide , along with the porosity that allows for fibrous foundation would therefore create a bead - like 
speed in resorption , can be used . These ultra - porous clusters implant that offers yet another layer of protection as well as 
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an additional porosity gradient . The coating may itself be and particulates being sintered together , and a bioactive 
sintered or unsintered , allowing the user with the flexibility shell comprising bioactive glass at least partially encas 
of customizing the end product to a desired hardness or ing , and at least partially sintered to , the matrix ; 
softness . The process of coating a matrix with a bioactive wherein the fibers , particulates and shell each have a 
glass layer has been described in U . S . patent application Ser . 5 different resorption rate . 
No . 13 / 429 , 629 filed Mar . 26 , 2012 , now U . S . Pat . No . 2 . The implant of claim 1 , wherein the bioactive shell is 8 , 449 , 904 , the content of which is incorporated herein by porous . 
reference in its entirety . 3 . The implant of claim 1 , wherein the bioactive glass It is contemplated that the putty could be formulated for fibers are formed from a material selected from the group injectable delivery . For example , one manner in which to 10 consisting of sol gel derived bioactive glass , melt derived apply the putty would include a syringe containing the 
bioactive material that can be opened to suction into the bioactive glass , silica based bioactive glass , silica free 
syringe the necessary fluid to form the putty , while the same ti??? \ ?? \ \ ??? / ??m? / ?? / ? / ?ti? / ?? / ?? / ?? – ? ? ?? / \ / ? ?ti?m? ? Â? – 
syringe can also be used to inject the as - formed putty crystallized bioactive glass , fully crystallized bioactive 
implant . In other examples , a syringe with threaded attach - 15 gra ; fach . 15 glass , or bioactive glass containing trace elements . 

4 . The implant of claim 1 , wherein the bioactive glass ments such as a removable cap may be utilized for site 
specific delivery . fibers comprise a silica free bioactive glass selected from the 

In some embodiments , an engineered implant comprising group consisting of borate based bioactive glass and phos 
fibers formed into a cluster in the manner previously phate based bioactive glass . 
described , along with unsintered fibers of a different material 20 5 . The implant of claim 1 , wherein the bioactive glass 
may be provided . The unsintered fibers would serve as the fibers comprise a partially crystallized or fully crystallized 

carrier for the fibrous clusters . A putty implant could be bioactive glass . 
formed by adding saline or blood marrow aspirate , to 6 . The implant of claim 1 , further comprising a carrier 
provide a stickiness to the implant . Thus the putty could material . 
include two different bioactive glass materials . 25 7 . The implant of claim 6 , wherein the carrier material 

In still another embodiment , the graft material may be comprises collagen . 
provided in the form of a foam . For example , the addition of 8 . The implant of claim 1 , wherein the bioactive glass 
collagen to the base graft material would produce a foam particulates comprising microspheres are formed from the 
implant that could be shaped into strips , sheets , or cylindri same material as the bioactive glass fibers . 

cal rolls . These strips , sheets , or rolls could then be easily 30 9 . The implant of claim 1 , wherein the bioactive glass 
cut , folded , or otherwise formed into the ultimate geometry particulates comprising microspheres are formed from a 
of the implant . In addition , these sheets may serve as a different material than the bioactive glass fibers . 
wound dressing or wrap around the bone defect site for 10 . The implant of claim 1 , wherein the bioactive glass 
healing . particulates comprising microspheres are porous . 

Although the engineered implants of the present disclo - 35 - 35 11 . The implant of claim 1 , wherein the bioactive glass 
sure is described for use in bone grafting , it is contemplated particulates comprising microspheres have varying sizes . 
that the implants of the present disclosure may also be 12 . The implant of claim 1 , wherein the bioactive glass 
applied to soft tissue or cartilage repair as well . Accordingly , fibers have varying sizes . 
the application of the implants provided herein may include 13 . The implant of claim 1 , wherein the bioactive glass 
many different medical uses , and especially where new 40 fibers are porous . 
connective tissue formation is desired . One such clinical 14 . The implant of claim 1 , wherein the bioactive shell 
application is in the area of nucleus replacement , where the includes surface features to create anchorage sites . 
engineered scaffold could be inserted into the disc nucleus as 15 . The implant of claim 14 , wherein the surface features 
part of a nucleus replacement therapy . Another suitable comprise fibers , granules , or spikes . 

clinical application is for large bone defects or lesions , 45 16 . The implant of claim 6 , in the form of a putty . 
particularly with the addition of platelet rich plasma ( PRP ) 17 . The implant of claim 6 , in the form of a foam . 
to the scaffold implant . Even still , the scaffold may be 18 . The implant of claim 1 , further comprising a pore size 
applied as a bone filler such as a replacement or substitute distribution including pores characterized by pore diameters 
for bone cement in bone defect repairs . A silane coating may ranging from about 100 nanometers to about 1 millimeter . 
be applied over the scaffold to make it more suitable in that 50 , 19 . The implant of claim 1 , further including a plurality of 
capacity . bioactive glass granules of a smaller size than the at least one 

Other embodiments of the invention will be apparent to cluster . 

those skilled in the art from consideration of the specifica 20 . The implant of claim 19 , wherein the bioactive glass 
tion and practice of the disclosure provided herein . It is granules are solid granules . 
intended that the specification and examples be considered 55 21 . The implant of claim 1 , further comprising a coating 
as exemplary only , with a true scope and spirit of the extending over the implant . 
disclosure being indicated by the following claims . 22 . The implant of claim 21 , wherein the coating com 

What is claimed is : prises an organic acid . 
23 . The implant of claim 21 , wherein the coating com 1 . A porous , composite bone graft implant , comprising : 

at least one cluster comprising a matrix of randomly 60 Pr v s prises a mineralogical calcium source . 
oriented bioactive glass fibers and bioactive glass par 24 . The implant of claim 23 , wherein the mineralogical 
ticulates comprising microspheres distributed through calcium source is a calcium salt . 
out the bioactive glass fibers , at least some of the fibers 


